We have continuously monitored TrptRNATIP concentrations in vivo and, in the same cultures, measured rates of protein synthesis in isogenic stringent and relaxed strains. We have also manipulated cellular charged and uncharged [tRNATFP] [Trp-tRNATrP] and are inhibited by uncharged tRNATrP.
a Trp-tRNA synthetase mutation that increases the Km for Trp; thus, varying exogenous Trp varies cellular Trp-tRNATMP; and (ii) we have introduced into the mutant strain a plasmid containing the tRNATrP gene behind an inducible promoter; thus, total [tRNATrP] also can be varied depending on length of induction. The use of these conditions, combined with a previously characterized assay system, has allowed us to demonstrate that (t) the rate of incorporation of Trp into protein is proportional to the fraction of tRNATrP that is charged; for any given total [tRNAT'IJ, this rate is also proportional to the [Trp-tRNATrPI; (ii) uncharged tRNATrP inhibits incorporation of Trp into protein; and (Mi) rates of incorporation into protein of at least two other amino acids, Lys and Cys, are also sensitive to [Trp-tRNATrP] and are inhibited by uncharged tRNATrP.
Our results are consistent with models of translational control that postulate modulating polypeptide chain elongation effiiciency by varying concentrations of specific tRNAs.
The modulation hypothesis (1) originally proposed that the rate of protein synthesis could be modulated by the concentrations of different aminoacyl-tRNAs. Although protein synthesis experiments in vitro (2) supported this notion, there has been little direct evidence for this in vivo, and many workers have tended to deemphasize regulation of protein synthesis at elongation, focusing instead on well-established control mechanisms at initiation. Indeed, a computer simulation of protein synthesis predicted only minor effects on protein synthesis rates by varying tRNA concentrations in elongation steps (3) .
The compilation of extensive sequence data showing strong codon biases in different organisms (e.g., see ref. 4) , correlating roughly to concentrations of the corresponding cognate tRNAs (5), led to a renewed interest in the possibility that protein synthesis rates were regulated at elongation steps by [tRNA] (e.g., see ref. 6 ). Extensive codon replacements in a yeast messenger led to reduced synthesis ofthe corresponding protein (7) , consistent with regulation of chain elongation.
In this report, we have utilized an assay (8) that allows us to monitor concentrations of aminoacyl-tRNA in vivo and, in the same culture, measure the rate of protein synthesis. We have also varied [tRNATrP] in cells by using a strain with a TrptRNA synthetase mutation and introducing a plasmid containing the tRNATrP gene behind an inducible promoter. We demonstrate that the rate of incorporation of Trp into protein is proportional to [Trp-tRNAThp] (10) . The relaxed version of this strain (relA-) was constructed as follows. CR151, which contains a TnJO insertion in argA, near a relA-allele, was obtained from M. Cashel (National Institutes of Health). Phage P1vir lysates were prepared on CR151 and used for transduction into trpS9969, first selecting for tetracycline resistance, followed by screening for relAcotransductants (10) . The strain was next selected for Arg prototrophy to cure it of TnJO. Both this strain, and the stringent parent, were confirmed to be relA+ or relA-by direct analysis of ppGpp production following Trp starvation (data not shown). The resulting matched isogenic relA+ and relA-trpS9969 strains were transformed with the following plasmids: (i) pCDS-110, obtained from E. Morgan (Roswell Park Memorial Institute), which is derived from pBH-16 (11) but lacks the replication origin of F and with the rrnC promoter replaced by the tac promoter (12) ; and (ii) pVL-RR10 (13) obtained from M. Winkler (Northwestern University), which has the lacIQ gene on a compatible plasmid.
Measurements of Trp-tRNAT'P and Incorporation of Trp into Protein. Cultures of trpS9969 relA+ and relA-were grown at 37°C as described (14) . To induce the tRNATJp gene, isopropyl f3-D-thiogalactopyranoside (IPTG) (1 mM) was added when the cultures were at a density of either 1 x 108 or 4 X 107 cells per ml, as indicated. When the cultures reached a density of 2 x 108 cells per ml, cells were filtered through a sterile 0.2-,um Millipore filter, washed, and resuspended at the same density in warm medium containing either 0.3 ,uM (15 (Amersham) . This process took between 3 and 5 min. At the indicated times, incorporation in 0.5 ml of culture was stopped by adding 0.5 ml of cold 10% trichloroacetic acid; the samples were processed for incorporation into aminoacyl-tRNA and protein as described (8) . The counting efficiency for 3H samples on glass fiber filters was taken to be 27%.
Measurements of Total tRNATrP. Total tRNA was extracted from cultures at 2 x 108 cells per ml by a hot phenol method Abbreviation: IPTG, isopropyl,6-D-thiogalactopyranoside.
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(15), which yields deacylated tRNA (16) . Aminoacylation of tRNA in vitro with [3H]Trp was performed as described (16) .
RESULTS
Methods for Controlling Charged and Uncharged [tRNATrPJ. Plasmid pCDS-110 contains the genes for tRNAASP and tRNATrp, derived from the rrnC operon, under control ofthe inducible tac promoter (12) . The lacIQ gene was introduced into cells on a compatible plasmid, pVL-RR10. Expression of the tRNA genes from pCDS-110 is repressed by the lac repressor produced from pVL-RR10, until an inducer such as IPTG is added to the culture. Even without induction of the plasmid gene, the basal level of tRNATIp is -3-fold higher than in cells without the plasmid. If IPTG is added when cells are at a density of 1 x 108 cells per ml, the total tRNATrP detected after one doubling is increased =10-fold compared to no induction (Fig. 1 Lower) . Addition of IPTG when cells are at 4 x 107 cells per ml results in a total tRNATrP almost 19-fold higher than in cultures without induction at 2 x 108 cells per ml (14) . Similar levels of total tRNATrP were obtained in isogenic stringent (14) and relaxed ( Fig. 1 ) cells. For reasons that are unclear, the yield of mature tRNAASP, as measured on acrylamide gels, is considerably lower than the yield of tRNATrp (E. Morgan, personal communication).
The plasmid system described above was introduced into strain trpS9969. This strain bears a mutation in the Trp-tRNA synthetase, which increases the Km for Trp such that in the absence of exogenous Trp, there is negligible aminoacylation of tRNATrp (17) . We have previously reported that varying the exogenous [Trp] leads to variation in the charged [tRNATrP] in vivo in the stringent version of the strain (without the plasmids) (18) . Similar results were obtained under different levels of induction of the plasmid tRNATrp gene (14) and also in the relaxed form of the strain (Fig. 1 This apparent paradox is resolved when the rate of Trp incorporation is considered as a function ofthe fraction oftotal tRNATp that is charged. This can be calculated from the measured values of charged tRNAT'r and total tRNATrp (see Fig. 1 and ref. 14) . The initial rates of Trp incorporation obtained for each exogenous [TrpJ in Fig. 2 are plotted in Fig.  3 as a function of the fraction of charged tRNATrp in the same samples measured 1 min after resuspension in various [Trp] . Although Fig. 4 (Lower) for both uninduced and induced cultures. These protein synthetTo a first approximation, an empirical equation from the data in Fig.  3 relating the rate (R) of protein synthesis to the concentrations of charged (C) and total (T) tRNATrp can be written as R = k(C/T) + Ro where the slope k is a proportionality constant, and the intercept R0 is the extrapolated rate of protein synthesis in the absence of [3HITrpAtRNATrP. Even in the absence of Trp-tRNATrp, it is expected that ribosomes will nevertheless show some finite rate of protein synthesis at Trp codons due to mistranslation (19) . From our data, the extrapolated value of Ro in the relaxed strain is =10 pmol per min per 2 x 108 cells (Figs. 3 and 4) . The proportionality constant k, the slope of the line in Fig. 3 , reflects the change in the rate ofprotein synthesis with the fraction of charged tRNATrP. From our data, the value of k is =140 pmol per min per 2 x 108 cells for Trp incorporation in the relaxed strain (Fig. 3) . The data can also be examined at each constant T (Fig. 4) . The empirical equation for each line in Fig. 4 is R = K(CJ + RO, which relates to our first equation in that K = kIT for each constant value of T. Thus, the slope in Fig. 4 at T1 will be kIT1; at T2, it will be kIT2, etc. Since the term CIT is the fraction of total tRNATrP that is charged, the rate of protein synthesis is proportional both to the concentration (at constant T; Fig. 4 ) and the fraction (at any T; Fig. 3 Fig. 2 . For the 5 and 50 ,uM samples, a rate for Trp incorporation was obtained by linear regression (as plotted in Fig. 2 ). For the 0.3 and 1 ,uM samples, the rate at 1 min was taken from the average of the rates of incorporation from 0-1 min and 1-2 min (see Fig. 2 ). The [Trp- tRNATrp], also measured in the same samples 1 min after resuspension, was used to calculate the fraction tRNATrP charged, dividing by the total tRNATIp level in each culture (see Fig. 1 ). These values have been multiplied by 100 and are graphed as percent (%). The slope and intercept were determined by linear regression. sis rates were only slightly elevated (=10% higher) than the maximum rates indicated in the figure (data not shown) . Also, increases in [Trp] from 5 to 50,uM result in relatively small increases in both Trp-tRNATrP and the corresponding rates of protein synthesis (Fig. 2) . Thus, the maximum rates plotted in Fig. 4 would appear to be at or near the saturating level of Trp-tRNATrP for protein synthesis. Fig. 4 shows that much higher [Trp-tRNA Trp] was required to achieve comparable rates ofTrp incorporation into protein when total tRNATrP was increased by induction of the plasmid tRNATrP gene. Furthermore, sensitivity of the Trp incorporation rate to variations in [Trp-tRNA1Trp] was considerably diminished in cells in which total tRNATTrp was increased. This is reflected in the slopes of the dependencies for each total tRNATrP level: in the stringent strain (Fig. 4 Upper), a slope of 120 for cultures with no induction of the tRNATrp gene, 6.6 for cultures in which the tRNATrp gene was induced for 1 doubling, and 3.0 for cultures that had 2.25 doublings in the presence of inducer; in the relaxed strain (Fig. 4 [Trp] . The initial rate of protein synthesis was measured as described in Fig. 3. [Trp-tRNATp] was also measured in the same samples. The slopes and intercepts of each line were determined by linear regression.
D and E) and Cys ( Fig. 5 A Fig. 4) , suggests that for both Lys (Fig. SF) and Cys (Fig. 5C) 
DISCUSSION
We have shown that the rate of protein synthesis can be modulated by the fraction charged of a specific tRNA. Our data also show that uncharged tRNA can inhibit incorporation of amino acids into protein. We were able to obtain these results by virtue of our ability to manipulate the concentrations of both charged and total tRNATm over at least an order of magnitude, as well as our ability to measure were determined by the same procedures used in Fig. 2 , except that cultures were grown in the presence of 50 ,uM Lys or 50 jiM Cys, respectively, prior to resuspension, and that cpm were corrected for double-label counting conditions. The counting efficiencies for 35S and 14C were taken as 73%. (C and F) Treatments of the data similar to that in Fig. 4-i (Fig. 3) , or with [Trp-tRNATrp] when only charged tRNATrp was varied and total tRNATrP was held constant (Fig. 4) . As (19) . It has been reported that ppGpp reduces translational errors and is in itself inhibitory to protein synthesis (19) . The results with stringent cells presented in Fig. 4 were obtained prior to any significant accumulation of ppGpp (14) (24) . Few significant phenotypic effects were reported in cells with induced levels of cloned tRNAHiS (27) Finally, our results are consistent with proposals that slow translation of rare codons, presumably due to their commensurate low levels ofcognate tRNAs, may be a mechanism that evolved in certain genes to minimize the level of expression of these genes. Although the evidence for this idea has been uneven (28) (29) (30) (31) , this may be due in part to an inadequate identification of which codons properly belong in the "rare" category; computer analysis of all available sequences of E. coli genes leads to a revised list of rare codons (S. Zhang, G. Zubay, and E.G., unpublished data). Our results show that variations in aminoacyl-tRNA concentrations can indeed affect the overall translation rate and, in conjunction with our previous data (18, 20) , support models that postulate modulation of translational efficiency at polypeptide chain elongation steps.
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